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(54) Method of stopping ions and small debris in extreme-ultraviolet and soft x-rays plasma 
sources by using krypton 



(57) A method and device forfiltering ions and small 
debris by using krypton or its mixtures to fill the chamber 
of the EUV- radiation source. 

The method can be combined with mechanical 



methods of filtering debris particles with large size 
(greater than one micron) and allows to obtain plasma 
EUV-radiation without polluting debris and to extend the 
useful life of the mirrors of a micro lithography apparatus. 
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Description 

[0001 ] The present invention mainly relates to the pro- 
jection micro lithography with Extreme-Ultra-Violet 
(EUV) and particularly the problems relative to duration 5 
and cost of the optical apparatus used in such applica- 
tions. However, it should be noted that the field of appli- 
cation of the invention is an improvement of the radiation 
source and then extends to all of the possible applica- 
tions of EUV and soft X-ray sources emitting debris or 
unwanted polluting fragments. 

[0002] The industrial interests toward micro lithogra- 
phy with soft X-rays mainly originate from that the den- 
sity of the electronic components on a microchip de- 
pends more than by geometric ratio on the space reso- 
lution by which the microchip is manufactured, and (con- 
sequently) on the wavelength of the radiation used by 
the apparatus for the projection of the circuits onto the 
silicon wafers. 

[0003] As a result, the scientific, industrial interest for 
the radiation sources in the EUV and in the soft X-ray 
spectral regions is highly increased in recent years. Par- 
ticularly in the field of microelectronics and nanome- 
chanics the use of sources of EUV and soft X-rays al- 
lows space resolutions lower than 100 nm to be 
reached, i.e. far lower than those presently reached in 
microelectronics Companies by using ultraviolet light or 
radiation of excimer laser (ArF laser with a wavelength 
of 193 nm). 

[0004] A great project involving several research cen- 
tres (Sandia National Laboratory, Lawrence Livermoore 
National Laboratory, Berkeley National Laboratory) and 
several microelectronics Companies (INTEL, MO- 
TOROLA, AMD, INFINEON, MICRON) is being devel- 
oped in U.S.A. for manufacturing a first prototype of a 
projection microlithography apparatus in the EUV range 
within 2005, i.e. the range with the lowest energy regard- 
ing soft X-rays (namely a wavelength of 13.4 nm, at 
which the best multilayer mirrors for EUV can be pro- 
duced at the time being). This apparatus is based on a 
laser-plasma source with high average power (a 1 .7 kW 
laser) which uses xenon vapours as target: the laser 
brings xenon to the state of plasma (at about 1 million 
degrees) and the latter emits EUV radiation that is re- 
ceived by a mirror and then used to project the pattern 
of suitable masks onto a silicon wafer. The high absorp- 
tion that all materials have in the EUV range forces to 
the exclusive use of reflection optics (i.e. multilayer mir- 
rors). 

[0005] Two further similar projects are being devel- 
oped in France and Germany by using both plasma pro- 
duced in gases and plasma produced on solid targets. 
[0006] The latter type of source allows the highest ef- 
ficiency to be reached, however, it is suffering from a 
serious problem: plasma emits not only EUV radiation 
but also debris (drops of molten metal at very high 
speed) as well as ions and neutrals that hit the first mirror 
of the optical projection system and damage it in a short 
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time, thus making its replacement necessary. 
[0007] This involves a considerable productivity slow- 
down as well as a great rise in costs as such mirrors are 
very expensive. 

[0008] The present invention seeks to overcome the 
above problems and drawbacks by providing a method 
and the relative device able to stop ions and small debris 
emitted by an EUV radiation plasma source in order to 
avoid the damages caused by the same to the first mirror 
of the focusing optics of the microlithography apparatus 
and the like. 

[0009] The specific physical characteristics of the no- 
ble gas krypton make it able to "filter" the ions and small 
debris (with a size lower than few microns) emitted by 
the plasma source and at the same time to transmit a 
considerable proportion of EUV radiation (for example 
80% for a product pressure-by-distance of 1 0 mbar*cm). 
[0010] Therefore it is an object of the present inven- 
tion to provide a method of filtering the above-mentioned 
ions and small debris by using krypton to fill the chamber 
of the EUV radiation source as well as a device for car- 
rying out such method. 

[001 1 ] Such novel filtration method combined, if nec- 
essary, with already tested, improved mechanical meth- 
ods of filtration of debris with large size (greater than 
one micron) allows plasma EUV radiation without pol- 
luting debris to be obtained and, for example, the useful 
life of the expensive mirrors of a microlithography appa- 
ratus to be greatly extended. 

[0012] These and other purposes of the invention will 
be more readily apparent from the following detailed de- 
scription with reference to the accompanying drawings 
that show some preferred embodiments thereof only by 
way of a not limiting example. 
[0013] In the drawings: 

Fig. 1 is a diagram showing the transmission of 
krypton and helium at the pressure of 1 mbar over 
a distance of 1 0 cm according to data of Henke; 

Fig. 2 shows the results of a simplified calculation 
model for the depth of penetration of the tantalum 
ions with energy equal to 4.6 keV (continuous 
curves) or 0.8 keV (dotted curves) frying in helium 
and krypton vs the gas pressure; 

Figs. 3A-3C show pictures (in transmission) of plas- 
tic film (3x3 mm 2 ) exposed to bombardment of tan- 
talum ions at a distance of 4 cm from the source 
with 400 laser pulses under vacuum, in helium at 
1 .2 mbar, in krypton at 2.5 mbar, respectively; 

Fig. 3D shows the non-exposed film by comparison; 

Figs. 4A and 4B are pictures of tantalum debris 
(clear dots) deposited on the films of Figs. 3A and 
3C, respectively, and observed through an optical 
microscope (40X) in the reflection mode (the width 
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of the visual field is 400 u.m x 270 u,m) ; 

Figs. 5A and 5B show diagrams of the peak value 
of the EUV signals of 50-70 eV transmitted through 
a 1 .6 u.m thick aluminium foil placed at a distance 5 
of 5 cm from the source (on the perpendicularto the 
target) during 100 shots, under vacuum and in kryp- 
ton at 2.5 mbar, respectively; 

Fig. 6 shows schematically a device for EUV micro- 
lithography in which the chamber of the source is 
filled with krypton under low pressure according to 
the invention; 

Fig. 7 shows a first variation of the diagram of Fig. 
6 including a schematic ventilation system with a 
ventilator able to generate a transverse flow of kryp- 
ton and a filter to keep it clean; 

Fig. 8 shows a second variation of the diagram of 
Fig. 6 including one or more rotating perforated 
disks (or shutters) to stop the slow debris and the 
metal cloud, produced by the plasma in Kr, as well; 

Fig. 9 shows a third variation of the diagram of Fig. 
6 including the two preceding variations. 

[0014] It is known that krypton has an EUV transmis- 
sion window between 60 and 90 eV, as shown in Fig. 1 . 
[0015] This spectrum range is very important for the 
applications of an EUV radiation to projection micro- 
lithography apparatus because mirrors with high reflec- 
tivity (70% at 88-92 eV or at a wavelength of 1 3.4-1 4.2 
nm) which are indispensable to reproduce the mask pat- 
tern on silicon wafer can only be manufactured in such 
range. 

[0016] As known, helium is the gas most transparent 
to soft X-rays but its use to stop ions or small debris is 
drastically limited by its low atomic mass. Krypton has 
instead a 21 time greater atomic mass, even if it has a 
transparency which is similar to helium in the above- 
mentioned range, thus obtaining a greater efficiency in 
stopping ions or small debris. 

[0017] Fig. 2 shows a diagram of the results of a the- 
oretical calculation (in the simplified assumption of only 
elastic collisions) regarding the flight range of tantalum 
atom ions in helium and krypton. The results of such cal- 
culations are that ions are stopped in krypton in a ten 
times shorter spatial range than in helium. 
[001 8] The reason why tantalum ions are used is that, 
during experimentations, a higher EUV-radiation pro- 
duction efficiency and a lower debris emission have 
been observed from a tantalum target. In any case, sim- 
ilar results would be achieved by any target material. 
[0019] In order to have a first qualitative confirmation 
about the correctness of such statement, transparent 
plastic films have been exposed to the bombardment of 
tantalum ions (400 shots) emitted by the laser-plasma 



source, i.e. a source based on a tantalum tape target 
heated to the state of plasma by a XeCI excimer laser 
emitting pulses with 4 J energy and 120 ns duration at 
a wavelength of 308 nm. 

[0020] As can be seen in Figs. 3A-3D, the latter show- 
ing a non-exposed film, the deposit of ions reduces the 
transparency of the exposed film under vacuum (Fig. 
3A) and in helium (Fig. 3B) but said reduction is much 
less in krypton (Fig. 3C). Upon observing these films by 
optical microscope in reflection mode, the tantalum de- 
bris can be easily recognized as they are bright under 
the light of the microscope. 

[0021] Referring to Figs. 4A and 4B corresponding to 
the above Figs. 3A and 3C, it should be noted that also 
debris are advantageously filtered together with ions in 
the film exposed in krypton (Fig. 4B). In fact, on most of 
the examined zones no debris could be observed. This 
advantageous result has been achieved although there 
are a great number of debris as can be seen from Fig. 
4A relative to the film exposed in the vacuum. 
[0022] In order to have a more quantitative confirma- 
tion of the Kr effect on ions, the high abso notion of tan- 
talum in EUV has been used (the characteristic length 
of penetration at 70 eV is only 1 2 nm) . In this experiment, 
an aluminium foil with a thickness of 1 .6 u.m placed at 5 
cm from the tantalum laser-plasma source was exposed 
to the bombardment and the flux of EUV radiation trans- 
mitted through the foil was measured. 
[0023] The radiation detector was at 4 cm from the Al- 
f oil, i.e. at 9 cm from the source. As can be seen in Fig. 
5A, during the exposition under vacuum to 1 00 shots of 
the laser-plasma the transmission of the AL-filter de- 
creases by about 25% corresponding to an average tan- 
talum thickness of 4 nm deposited above the aluminium 
filter. 

[0024] The pressure of Kr in the chamber containing 
the target was then brought to 2.5 mbar. This caused 
the signal of the detector to decrease immediately by 
further 34% because of the absorption of krypton (cor- 
responding to a decrease of only 1 7% at the same dis- 
tance of 5 cm as that of the aluminium foil) according to 
the absorption data of Henke shown in Fig. 1 . During 
the following 100 shots (Fig. 5B) the flow of the EUV 
radiation decreased by only 3% but such decrease was 
the same as the absorption caused by an increase of 
0.03 mbar due to inlet of air during 1 00 shots (the used 
cell was not perfectly tight) and then could not be attrib- 
uted only to deposit of ions. 

[0025] In conclusion, it is clear from the experimental 
results that krypton stops the flow of ions and small de- 
bris by at least one or more orders of magnitude. 
[0026] This is obtained for a value of the product pres- 
sure-by-distance compatible with a transmission of 
more than 80% of the EUV radiation between 60 and 90 
eV. 

[0027] More recent results obtained for a copper tar- 
get demonstrated that by combining the Kr with two 
counter-rotating perforated disks (fig. 8) placed at few 
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centimeters from the source, a mitigation factor larger 
than 2 orders of magnitude is obtained both for the ions 
and for the debris deposition (with a disks speed of 65 
and 75 r.p.s. and a disks diameter and holes diameter 
of 1 0 cm and 2.5 cm , respectively. 
[0028] Therefore, as already mentioned, an objet of 
the present invention is a method of stopping the flow 
of ions and small debris in EUV radiation plasma sourc- 
es, characterized in that krypton or its mixtures is used 
(under static or dynamic conditions) to fill the chamber 
between the EUV plasma source and the first mirror S 
of the optical projection system, so-called condenser. 
[0029] This has been achieved according to the in- 
vention by providing a chamber containing the source 
and the condenser mirror S filled with krypton at low 
pressure (Fig. 6). 

[0030] According to a first variation of the invention 
shown in Fig. 7, the tested efficiency of krypton (Kr) for 
filtering ions and small debris emitted by EUV radiation 
plasma sources is advantageously kept constant in time 
by using krypton or its mixtures in the form of a contin- 
uously filtered flow. 

[0031 ] This type of application is particularly useful as 
the accumulation of debris in the atmosphere of krypton 
within the chamber of the source would reduce more 
and more the filtration capability and transparency 
thereof at EUV. 

[0032] To this purpose, for example, a ventilator V is 
arranged in the chamber to generate a flow transversal 
to the direction of the EUV beam and debris. Such ven- 
tilator V is placed on one side of the beam, while a filter 
F to clean the flow of Kr after its crossing through the 
beam emitted by the plasma source is placed on the oth- 
er side. 

[0033] In a second variation of the invention shown in 
Fig. 8, there is provided at least one perforated rotating 
disk (or shutter) D placed crosswise to the direction of 
the EUV beam and rotating about its symmetry axis syn- 
ch ronically to the emissions of the source in the path 
between the source and the multilayer mirror S to be 
"protected". Thus, the radiation hits the mirror through 
the hole and the larger, then slower, debris (as well as 
the cloud of krypton rich of metal clusters) stop at the 
surface of the disk that meanwhile interposes between 
source and mirror because of its rotation. 
[0034] Finally, a third variation of the invention (Fig. 
9) uses a combination of ventilator V and filter F with 
mechanical devices D so that almost al! of debris with 
large and small size and ions are stopped. 
[0035] The present invention has been described and 
illustrated according to a preferred embodiment and 
some variations thereof, however, it should be under- 
stood that anyone who is skilled in the art can make 
functional and technical equivalent modifications and/or 
replacements without departing from the scope of the 
present industrial invention. 



Claims 

1 . A method of stopping ions and small debris in soft- 
X-ray plasma sources and particularly Extreme Ul- 

s traViolet (EUV) radiation, characterized in that 
krypton or its mixtures under static or dynamic con- 
ditions is used to fill the chamber of the source in 
order to extend the useful life of mirrors (S) which 
receive directly the radiation together with ions and 

10 debris emitted by plasma. 

2. The method according to claim 1 , characterized in 
that krypton fills the room between EUV plasma 
source and first mirror (S). 

15 

3. A device for the realization of the method according 
to claim 1 or 2, characterized in that a chamber of 
the source filled with krypton or its mixture is pro- 
vided. 

20 

4. The device according to claim 3, characterized in 
that in order to keep constant the transparency of 
krypton (Kr) at EUV and the efficiency thereof for 
filtering ions and small debris emitted by EUV radi- 
os ation plasma sources, said krypton is used in the 

form of a continuously filtered flow. 

5. The device according to claim 4, characterized in 
that a ventilation system (V) is arranged in the 

30 chamber to generate a flow transversal to the direc- 
tion of EUV beam. 

6. The device according to claim 4 or 5, characterized 
in that a filter (F) to clean krypton is provided in the 

35 circuit of the krypton ventilation system. 

7. The device according to claim 3, characterized in 
that there is provided at least one perforated rotat- 
able disk or shutter (D) placed crosswise to the di- 

40 rection of the EUV beam and rotating about its sym- 
metry axis synchronically to the emissions of the 
EUV source in the path between the source and the 
multilayer mirror (S) to be "protected", so that the 
radiation hits the mirror through the hole (or through 

45 the shutter) and the larger, then slower, debris (and/ 
or the dirty krypton cloud) stop at the surface of the 
disk that meanwhile interposes between source 
and mirror because of its rotation. 

so 8. The device according to one or more claims 3 to 7, 
characterized in that a ventilation system (V) with 
filter (F) is combined with mechanical means for 
stopping the particles (D) so that almost all debris 
with large and small size and ions are stopped. 

55 

9. The device according to one or more claims 3 to 8, 
characterized in that the chamber of the source is 
filled with rarefied krypton under a pressure in the 
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order of 1 mbar. 

10. A method according to ctaim 1 or 2, characterized 
in that, in order to stop any kind of pollution in any 
chambers containing optics (or other delicate struc- 5 
tures) for EUV radiation or for its applications, pro- 
vides to fill said chambers with krypton or its mix- 
tures under static or dynamic conditions. 
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Source chamber: In rarefied Kr (1-2 mbar) 
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